Rotationally resolved microwave and ultraviolet spectra of jet-cooled diphenylmethane ͑DPM͒ and DPM-d 12 have been obtained in S 0 , S 1 , and S 2 electronic states using Fourier-transform microwave and UV laser/molecular beam spectrometers. The S 0 and S 1 states of both isotopologues have been well fit to asymmetric rotor Hamiltonians that include only Watson distortion parameters. The transition dipole moment ͑TDM͒ orientations of DPM and DPM-d 12 are perpendicular to the C 2 symmetry axes with 66͑2͒%:34͑2͒% a : c hybrid-type character, establishing the lower exciton S 1 origin as a completely delocalized, antisymmetric combination of the zero-order locally excited states of the toluene-like chromophores. In contrast, the rotational structures of the S 2 origin bands at S 1 + 123 cm −1 and S 1 + 116 cm −1 , respectively, display b-type Q-branch transitions and lack the central a-type Q-branch features that characterize the S 1 origins, indicating TDM orientations parallel to the C 2 ͑b͒ symmetry axes as anticipated for the upper exciton levels. However, rotational fits were not possible in line with expectations from previous work ͓N. R. Pillsbury, J. A. Stearns, C. W. Müller, T. S. Zwier, and D. F. Plusquellic, J. Chem. Phys. 129, 114301 ͑2008͔͒ where the S 2 origins were found to be largely perturbed through vibronic interactions with the S 1 symmetric, antisymmetric torsional, and butterfly levels in close proximity. Predictions from a dipole-dipole coupling model and ab initio theories are shown to be in fair agreement with the observed TDM orientations and exciton splitting. The need to include out-of-ring-plane dipole coupling terms indicates that in-plane models are not sufficient to fully account for the excitonic interactions in this bichromophore.
I. INTRODUCTION
Investigations of exciton coupling between two ͑or more͒ interacting chromophores have been of long-standing interest in both gas and condensed phase environments. Diphenylmethane ͑DPM͒ has served as a prototypical molecule for such studies. 1, 2 The ͑-‫ء‬ ͒ nature of the lowest electronic transitions together with the three lowest frequency inter-ring modes associated with the torsional and bending ␣ degrees of freedom ͑see Fig. 1͒ makes for intriguing consequences regarding the dependence of the excitonic interactions on these coordinates. For example, excitonic interactions in the perpendicular ring configurations found in the benzene dimer 3 or spirobifluorene 4 are expected to be vastly different from those in a face-to-face arrangement of the D 2h naphthalene dimer in the crystal 5, 6 because of the sensitive nature of molecular orbital overlap factors and the geometric dependence of the interaction terms. Such fundamental studies of electronic coupling between chromophores are needed to validate and refine models used for interpretation of the photophysics of excimer formation of gas-phase torsional isomers, 7 electroluminescence and solar energy conversion in conjugated organic semiconductors, 8, 9 fluorescence resonance energy transfer data from single molecule measurements of protein folding, 10 hysteresis ͑I-V͒ properties of molecular electronic devices, 11 and other areas of solid state physics such as exciton-polariton propagation in crystals. 12 Previous calculations 13 on DPM found that it possesses two enantiomeric minima of C 2 symmetry with the rings at dihedral angles of approximately 60°with respect to the C͑Ph͒ -CH 2 -C͑Ph͒ plane. Figure 1 illustrates one of the structurally chiral isomers of DPM. The corresponding twodimensional ͑2D͒ ground state torsional potential energy surface is shown in Fig. 2 , calculated on an 18ϫ 18 ͑10°͒ grid at the MP2 / 6-311+ + G ‫ءء‬ level of theory. The minima are separated by a C 2v transition state which is picturesquely described as a "gable" structure. There also exists a low energy transition state of C s symmetry in which the rings are perpendicular to one another. Both transition states were calculated to be less than 250 cm −1 above the minima at the MP2 / 6-311+ + G ‫ءء‬ level of theory.
ate electronic states due to identical chromophores in a molecule, or electronic energy transfer between chromophores which are largely unperturbed by each other. However, the underlying coupling in each case is the same. 5 In either case, the discussion of the electronic states begins by designating the two chromophores A and B. The zero-order locally excited electronic states are then written ͉A ‫ء‬ B͘ and ͉AB ‫ء‬ ͘ where electronic excitation is indicated by an asterisk. For the case of DPM, in which the chromophores are identical, the inclusion of a matrix element coupling the two localized excitation states results in the exciton states,
The resulting energy splitting between + and − is determined by the magnitude of the matrix element connecting the two localized excited states,
The contributions to H 12 depend on the separation and relative orientation of the chromophores' transition dipole moments ͑TDMs͒. At short intermonomer distances, orbital overlap becomes important and penetration and exchange terms must be included. 5 Most analyses, however, include only the long-range, or Coulombic, interaction. Specifically, the electronic excitation on one chromophore creates a polarization of the electron density of the other, which is described by a TDM on either phenyl ring. The TDM on the two chromophores can be approximated by two interacting point dipoles, giving the usual expression 5 
V dd =
A B 4 0 R 3 ͑2 cos A cos B + sin A sin B cos ͒,
͑3͒
where is the magnitude of the TDM of the localized chromophore, R is the intermonomer separation, is the angle the localized TDM makes with the intermonomer axis, and is the dihedral angle between the localized TDMs. The overall TDM for the bichromophore in the exciton states is given by the sum and difference of the localized TDMs. Recently, Eq. ͑3͒ has been used successfully to describe coupling in spirobifluorene 4 and the 2-pyridone dimer. 20, 21 Application of Eq. ͑3͒ to DPM is particularly interesting because the orientations and relative interactions of the zeroorder TDMs are dependent on the relative orientation of the phenyl rings. As Fig. 2 shows, the symmetric gable structure ͑ 1 = 2 = 90°͒ would have excited electronic states in which the electronic excitation is delocalized over the two rings, while the C s symmetry perpendicular structure ͑ 1 = 180°, 2 = 90°͒ would have electronic excitations that are localized on either the top or stem of the "tee." McClure 1,2 cast Eq. ͑3͒ in terms of a torsion angle ϵ 1 = 2 , assuming a value for ␣ ͑see Fig. 1͒ and localized toluene-like TDM orientations perpendicular to the C -CH 2 axes of the rings. The exciton splitting and overall TDM for each of the two exciton states were then calculated as a function of and the results were used to interpret the absorption spectrum of a DPM crystal at low temperatures. The spectrum showed a weak absorption 145 cm −1 above the S 1 origin that was attributed to the upper member of the exciton doublet. A torsion angle of 60°was determined ͑note that = 30°in the convention used in McClure's 2 work͒. If DPM is assumed to be a strongly coupled, delocalized system with C 2 symmetry, one exciton state will have a TDM parallel to the C 2 axis, and thus that state will have A symmetry. The other exciton state will have a TDM in the plane perpendicular to the C 2 axis, and that state will have B symmetry. crystalline DPM. However, the state order is actually the opposite in the gas phase as a result of significant rotation of the localized TDM away from that of toluene as we will show below.
In a previous paper ͑hereafter referred to as Paper I͒, 14 resonant two-photon ionization ͑R2PI͒ and single vibronic level fluorescence ͑SVLF͒ spectroscopy of DPM and DPM-d 12 were used to identify the S 2 origins and assign all three of the lowest frequency modes in the S 0 , S 1 , and S 2 electronic states. The SVLF spectra of the S 2 origin and S 2 vibronic bands were found to contain emission from S 1 vibronic levels having S 2 state symmetry at relative energies within 10 cm −1 of the S 2 level. Analysis of these data permitted the assignment of the coupled modes and determination of the approximate magnitudes of the coupling matrix elements and the mixed state character of the S 2 states resulting from internal mixing with the S 1 levels.
In this work, we have used rotationally resolved spectroscopies to study the S 0 , S 1 , and S 2 origin bands of DPM and DPM-d 12 in the unperturbed environment of the molecular beam. The rotationally resolved data have provided additional insight into the structure and electronic symmetries of the exciton coupled state pairs. Specifically, we seek a full analysis of the microwave ͑MW͒ and UV spectra to aid in determining the S 0 geometries and changes that occur in the S 1 and S 2 states and to interpret the observed TDM orientations in terms of the dipole-dipole coupling model given by Eq. ͑3͒. While these goals were only partially realized for the S 2 spectra because of the perturbations arising from the S 1 / S 2 state mixing, qualitative features of these spectra are shown to be entirely consistent with the prior SVLF work.
14 Interpretations of the observed TDM orientations and exciton splitting have been aided by extensive calculations of the ground and excited state torsional surfaces.
II. EXPERIMENTAL METHODS
Rotationally resolved fluorescence excitation spectra of DPM and its isotopologue, DPM-d 12 , were measured using an UV laser/molecular beam spectrometer described in detail elsewhere. 22 Briefly, an Ar + -pumped ͑488 nm line͒ cw ring dye laser using Coumarin 521 ͑Ref. 23͒ generated Ϸ500 mW of narrow band light ͑Ϸ1 MHz͒ near 534 nm. Approximately 3 mW of the UV light at 267 nm was generated in an external resonant cavity containing a ␤-barium borate crystal. DPM was heated to 393 K ͑120°C͒ in a three chamber quartz source. Typically, the vapor was mixed with 21-29 kPa, 160-220 Torr of Ar gas and expanded into a source chamber through a 125 m nozzle ͑the S 1 origin of DPM was obtained using 29 kPa of a He/Ne mixture͒. The molecular beam was skimmed and crossed at right angles with a slightly focused UV beam 18 cm downstream of the source. Laser induced fluorescence at the beam crossing was collected with 20% efficiency using two spherical mirrors 24 and detected using a photomultiplier and computer interfaced photon counter. The Doppler limited resolution of the spectrometer using Ar carrier gas is 18͑1͒ MHz at 330 nm ͑Ref. 25͒ and is therefore expected to be 21͑1͒ MHz at 267 nm. Relative frequency calibration was performed using a HeNe stabilized reference cavity 26 and absolute frequencies were obtained using a wavemeter accurate to Ϯ0.02 cm −1 . DPM was available commercially and used at the stated purity of 99%. DPM-d 12 was synthesized in the laboratory according to the procedure outlined in the supplemental material of Ref. 14.
The pure rotational spectrum of DPM-h 12 was recorded in a mini-Fourier-transform microwave ͑MW͒ spectrometer 27 operating between 11 and 18 GHz. Because of the small dipole moment predicted for DPM ͑Ͻ0.05 D͒, the MW excitation circuit was modified to include a preamplifier and a 1 W power amplifier followed by a p-i-n diode MW switch. Optimal excitation was achieved using ϳ25 mW of MW power and a 2 s polarizing pulse. Samples were loaded into a heated reservoir nozzle and heated to 433 K ͑160°C͒ for DPM.
Electronic structure calculations were carried out using GAUSSIAN03. 28 The 2D ground state surface shown in Fig. 2 was constructed on a grid of stationary points obtained at the MP2 / 6-311+ + G ‫ءء‬ level of theory. Excited state single point calculations were carried out using time-dependent density functional theory ͑TD-DFT͒ / 6-311+ + G ‫ءء‬ at the optimized ground state geometries. The GAMESS computational package was used to carry out complete active space self-consistent field ͑CASSCF͒ / 6-31G ‫ء‬ calculations. 29 Eight electrons were distributed among eight orbitals, those and ‫ء‬ orbitals corresponding to linear combinations of the toluene-like highest occupied molecular orbitals and lowest unoccupied molecular orbitals on each ring.
III. RESULTS AND ANALYSIS
A. The ground state and S 1 origin bands of DPM and DPM-d 12 The rotationally resolved spectra of the S 1 ← S 0 band origins of DPM and DPM-d 12 at 267.9 nm ͑37 322.1 cm −1 ͒ and 266.6 nm ͑37 506.8 cm −1 ͒ are shown in Figs. 3 and 4, respectively. These spectra were fit using a combination of techniques. The initial fits were performed using a distributed parallel version of the genetic algorithm ͑GA͒ program. 30 Estimates of the ground state rotational constants were obtained from ab initio theory ͑vide infra͒. Prominent features in these spectra permitted estimates of key excited state parameters. For example, the initial GA runs included only a-type selection rules because of the strong central a-type Q branches observed and reasonable ranges were placed on the parameter differences in S 1 from the Q-branch shading and ͑B + C͒ level spacing. Once the rotational constants were sufficiently well determined by the GA, the hybrid band character was then fit.
The residuals from the best fit simulated spectra are shown below the experimental data in Figs. 3 and 4 and a summary of the rotational constants and other parameters is given in Table I . Expanded portions of these spectra adjacent to the central Q-branch regions are shown in the lower panels of Figs. 3 and 4 . The residuals demonstrate that the origin bands of DPM and DPM-d 12 are both a : c hybrid bands with 66͑2͒%:34͑2͒% character, respectively. Residuals also shown for simulations having a : b : c hybrid band intensities of Ϸ63% :5% :32% ͑i.e., with 5% b-type character added͒ aid in establishing an upper limit of 2% b-type character for both S 1 origins.
Predictions based on these ground state parameters were used to locate and measure selected lines in the MW spectrum of DPM. Using the linear least-squares fitting procedure implemented in the JB95 program, 31 35 pure rotational transitions were required in representation I r to determine all five of the first-order Watson distortion parameters reported in Table I . Furthermore, slightly improved fits were realized in the symmetric reduction for this nearly accidental prolate symmetric top.
Because of the size of DPM, most rotational transitions in the UV spectra were unresolved, making isolated line assignments rare. Therefore, frequencies were assigned in combination with refinements in the other ͑nonlinear͒ parameters affecting intensities in the following way. Using more restricted ranges ͑Ϯ0.5%͒ for the rotational constants in the GA program, the TDM components, axis reorientation angle, temperature parameters, 32 and Lorentzian or Gaussian width were simultaneously varied. For these runs, all S 0 parameters of DPM in Table I were held fixed and the S 0 distortion parameters of DPM were used for fits of DPM-d 12 . Simulated spectra were generated from the average parameters over ten GA runs and experimental assignments were made based on the line profiles. The final S 1 parameters that include distortion terms are given in Table I for each isotopologue with uncertainties in the final digit corresponding to type A, k = 1 or 1. The uncertainties of the intensity parameters were confirmed in nonlinear least-squares fits of these spectra. 31 It is noted that despite the similar magnitudes of the ground state B and C rotational constants, the b and c axes do not interchange upon electronic excitation. The possibility of line splitting from tunneling through the low transition state barriers shown in Fig. 2 warrants some mention of the linewidths observed in the MW and UV spectra. In contrast to the Ϸ1 MHz splitting observed for the MW spectrum of the isoelectronic bichromophore, diphenyl ether, 33 tunneling splittings in DPM are less than 3 kHz although some line broadening is noted. In S 1 , the fluorescence lifetime has been estimated near 40 ns from fluorescence decay measurements using a pulsed nanosecond neodymium doped yttrium aluminum garnet laser in a jet, 14 line broadening was minimal, establishing an upper limit of Ϸ2 -3 MHz for the tunneling splitting through the C 2v transition state in S 1 .
The absence of b-type character in the spectra of DPM-h 12 and DPM-d 12 indicates retention of C 2 symmetry in both electronic states ͑vide infra͒. As a result of this symmetry, nuclear spin statistical weights are potentially important factors that could impact the transition intensities. Since no tunneling splittings were observed, the permutationinversion group is G 4 , which is isomorphic with C 2v . The nuclear spin statistical weights of the K a K c ee͑oo͒:eo͑oe͒ ͑e = even, o = odd͒ levels are calculated to be 65:63 in DPM-h 12 and 730:728 ee͑oo͒:eo͑oe͒ for DPM-d 12 . At the signal-to-noise ratios of our measurements, these intensity differences are too small to be observed.
B. The S 2 origin bands of DPM and DPM-d 12
Rotationally resolved S 2 origin band spectra of DPM and DPM-d 12 are located at 267.0 nm ͑S 1 + 123 cm −1 ͒ and 265.8 nm ͑S 1 + 116 cm −1 ͒ 14 and shown in Figs. 5 and 6, respectively. The overall integrated intensities of these bands are much weaker than the corresponding S 1 origins and therefore, experiments were repeated on several occasions to enhance the signal-to-noise ratios. The frequency control system of the laser enabled scans obtained under the same expansion conditions but over a period of several months to be coaveraged. Furthermore, to aid in the analysis, spectra of DPM were obtained at two different rotational temperatures. The lower trace in Fig. 5 was obtained under similar conditions used for the S 1 origin of DPM-d 12 while the upper trace was obtained under warmer expansion conditions using a lower expansion gas pressure of 21 kPa ͑160 Torr͒. Clear differences are evident in the relative intensities of sharp features and in the overall appearance of these two spectra where the width is seen to increase from Ϸ3 to Ͼ4 cm −1 under the warmer expansion conditions. The overall shape of the DPM-d 12 spectrum shown in Fig. 6 is much different, with intensity pileups separated by Ϸ1 cm −1 . However, because of the limited amount of sample, this spectrum was obtained at a much lower signal-to-noise ratio ͑Ϸ5:1͒ compared to the DPM spectrum ͑Ϸ30: 1͒ and therefore, a detailed analysis of this band is not discussed further.
Given the overall spectral complexity of these bands, it is first necessary to arrive at some expectation about the appropriate rovibronic selection rules. From the SVLF and hot band results discussed in Paper I, 14 the two origin bands in
Figs. 5 and 6 have been assigned to the upper exciton S 2 states. If the S 1 and S 2 electronic states have C 2 point group symmetry, are strongly coupled, and therefore are delocalized over both toluene-like subgroups, the resulting exciton states, + and − , from Eq. ͑1͒ will have A and B symme- 
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Exciton coupling in diphenylmethane J. Chem. Phys. 129, 224305 ͑2008͒ tries, respectively. Since the S 1 states of DPM and DPM-d 12 have been fitted to a : c hybrid bands having TDM orientations perpendicular to the C 2 symmetry axes ͑vide infra͒, the S 1 states must be − , i.e., the antisymmetric combination in Eq. ͑1͒. Therefore, the S 2 origin bands are expected to be the + exciton states having A symmetry and TDM orientations parallel to the C 2 ͑b͒ symmetry axes. In these cases, fits that include only b-type rotational selection rules should apply.
Consistent with these arguments, there is a clear absence in the S 2 origin bands of the central Q-branch features and the P-and R-branch ͑K a =0, K c = J͒ progressions that characterize the a-type TDM components of both S 1 origins. An expanded 12 GHz section that illustrates the central features of the cold spectrum of DPM is shown in the lower panel of Fig. 5 . Although significant spectral congestion exists throughout this region, the widths of many of the rotational lines are near the 21 MHz Doppler limit of the instrument for an Ar gas expansion. The dominant sharp feature ͑shown off scale in the lower panel͒ is only Ϸ40 MHz in width and much too narrow to be an a-type Q branch. It is likely the result of a b-type J series band head. For comparison, the Q-branch widths of the S 1 states are both Ͼ500 MHz.
Other patterns in the expanded region are more readily identified as belonging to a b-type rotational band. For example, the two progressions indicated with tie lines in the lower panel are easily modeled as a b-type Q-branch ͑⌬J =0, ⌬K a = +1/ −1 , ⌬K c =−1/ +1͒ series in J. Similar progressions appear to be present in the S 2 spectrum of DPM-d 12 . Such well separated Q-branch series rarely if ever occur in a-type bands ͑⌬K a =0, ⌬K c =−1/ +1͒. It is further noted that in contrast to the sparse regions of S 1 chosen to illustrate differences in b-type and c-type features ͑see Figs. 3 and 4͒, it is nearly impossible to distinguish between them in these congested spectra.
With these general features in mind, numerous attempts have been made to fit these spectra using a Watson asymmetric rotor Hamiltonian. The GA parameters important for rapid convergence were first refined based on test runs of the S 1 origin regions. Furthermore, since b-type spectra are notoriously difficult to fit, additional software was written to enable much larger ranges in parameter space to be systematically sampled. This was accomplished by initiating massively parallel GA runs with each run focused in a narrow range of the total parameter space. The parameters of primary importance included ⌬A, ⌬B, and ⌬C, two distortion constants ⌬ J and ⌬ K , two TDM orientation angles, and the rotational temperature. Large regions of parameter space were covered for geometries ranging from a T-shaped structure ͑⌬A Ϸ + 100 MHz͒ to a gable structure ͑⌬A = −200 MHz͒. The lack of any apparent origin region required repeating each GA run at sequential 1 GHz intervals over the central 20 GHz regions of these spectra. Finally, the similar magnitudes of the B and C rotational constants required repeating these sequence runs to explore the possibility of axis interchange in the upper state. Unfortunately, all of these efforts failed to generate fits of the S 2 spectra, an issue to which we will return to below.
Despite the lack of rotational fits, the relative oscillator strengths of the S 1 and S 2 states in DPM provide important additional information regarding the excitonic interactions given in Eq. ͑3͒. Except for a small factor dependent on the ratio of transition energies, the relative oscillator strengths of the S 1 and S 2 states are directly proportional to the ratio of the integrated vibronic band intensities of these states. The with the S 1 TDM components given in Table I gives the relative oscillator strength components of 55͑2͒%:28͑2͒% along the a : c axes for S 1 and 17͑3͒% along the b axis for S 2 . A full discussion of the correspondence of these components with predictions from a dipole-dipole coupling model and ab initio theory is given below.
IV. DISCUSSION
The S 0 and S 1 rotational constants and the S 1 and S 2 TDM orientations determined here together with the relative band strengths of the S 1 and S 2 states from Paper I ͑Ref. 14͒ give us a framework to interpret the excitonic interactions in this flexible bichromophore. In this section, we will establish reasonable estimates of the S 0 and S 1 state geometries, address possible reasons why rotational fits of the S 2 origin bands so far have been elusive, and interpret the observed band strengths and exciton splitting in terms of a dipoledipole coupling model parametrized in the flexible coordinates of DPM for comparison with predictions from quantum chemical theories.
A. S 0 and S 1 state geometries
The comparison of the observed ground state rotational constants with those predicted for the minimum energy structures at the B3LYP/ 6-31+ G ‫ء‬ , MP2 / 6-311+ + G ‫ءء‬ , and MP2/cc-pVTZ levels of theory 28 are given in Table II . While all predictions are within 3% of the observed values, systematic differences are seen at the two levels of theory. For example, the BЉ and CЉ rotational constants calculated by DFT are Ϸ3% smaller than the experimental values, while MP2 overestimates them by 2%-3%. Conversely, for AЉ, the DFT value is slightly larger by Ϸ1% while the MP2 value is Ϸ3% smaller than experiment. From normal mode analyses, both calculations predict a C 2 symmetric structure with the a inertial axis oriented perpendicular to the C 2 symmetry axis and passing nearly through the centers of both rings. However, the inertial axis associated with the C 2 symmetry axis ͑either b or c͒ is different at the two levels of theory. The reason for this becomes clear from Fig. 7 where the rotational constants determined from the relaxed MP2 geometries are shown as a function of the torsional angle, ͑ 1 = 2 ͒. This figure illustrates the sensitivity of the rotational constants to the torsional angle and the small change in ͑relative to the optimized value͒ required to switch these two axes.
In a similar way, minor changes along the "soft" coordinates and ␣ ͑see Fig. 1͒ may easily account for the observed and calculated differences in the rotational constants. The optimized values of these variables from theory are reported in Table II together with values fitted to the experimental moments of inertia using the theoretical structures having all other structural parameters fixed. At each level of theory, the changes in ␣ are similar for both isotopologues, TABLE II. Experimental and calculated ground state rotational constants of DPM. The rotational parameters are also given for fitted structures where the two parameters ␣ and defined in Fig. 1 were least-squares fitted to the observed moments of increasing by Ϸ3°at the MP2 level but decreasing by Ϸ3°at the DFT level. The changes suggest either an underestimation of dispersive interactions at the DFT level or an overestimation at the MP2 level, the latter of which would tend to increase the attractive interactions between the rings and therefore decrease the bond angle ␣. In all cases, decreases by less than 3°to move the rings closer to a planar arrangement. Finally, we note the high quality of the structural predictions at the MP2/cc-pVTZ level where the fitted structures are nearly identical for both isotopologues with differences in the rotational constants of Ϸ1 MHz or less. From these results, it is clear that the rotational constants are sensitive functions of these variables and that and ␣ of the ground state must be within a few degrees of 57°and 114°, respectively.
From Table I , the changes in the rotational constants in S 1 are small. Similar least-squares fits of the S 1 observed moments to the configuration interaction singles ͑CIS͒ / 6-311+ + G ‫ءء‬ excited state ͑C 2 ͒ geometry ͑vide infra͒ indicate slight decreases in the angles and ␣ by Ϸ4°͑53.6°a nd 110.2°for DPM and 53.0°and 109.8°for DPM-d 12 , respectively͒. This observation is consistent with the suggestion that diphenylamine tends toward planarity upon electronic excitation. 34 Also noteworthy is the magnitude of the change in , which is similar to the value of ͉⌬͉Ϸ5.6°cal-culated from the harmonic torsional progression reported in Paper I.
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B. The S 2 states of DPM and DPM-d 12
The complexity of the rotational structure of the S 1 + 123 cm −1 band of DPM and the S 1 + 116 cm −1 band of DPM-d 12 is rather unusual for such low frequency vibronic bands built off the origin. For example, a study of the C 2 symmetric conformer of a similar molecule, bis-͑2-hydroxyphenyl͒methane, 35 has similar series of low frequency modes associated with the phenyl torsional motion. However, the rotationally resolved origin and four vibronic bands have been well fit to an asymmetric rotor Hamiltonian and all have a TDM orientation perpendicular to the C 2 axis consisting of 70%-75% a-type character. Moreover, from Paper I, 14 the state density of S 1 levels ͑of either symmetry͒ at these excess energies is less than 0.5 states/ cm −1 , placing the S 2 origin in the sparse level coupled limit for vibronic coupling. 36 To better understand why fits of the rotational structure of the S 2 states of DPM and DPM-d 12 have so far been elusive, we have undertaken a study of the partially deuterated form, DPM-d 5 , where one ring is fully deuterated. The full analysis of the rotationally resolved spectra of the S 1 , S 1 + T, S 1 + T , S 2 , and S 2 + T bands will be reported elsewhere. 37 For this discussion, the S 1 origin band ͑and S 1 vibronic bands͒ has been well fit to an asymmetric rotor Hamiltonian but now with a small TDM component along the b axis as expected from the reduction of symmetry. More importantly, the TDM orientation of the S 2 state acquires some a : c hybrid-type character, giving this band a pronounced central Q branch and well-resolved P-and R-branch K a =1← 0 series in J. These features remove any ambiguity regarding the position of the S 2 origin and the changes in the upper state parameters in contrast to the b-type spectra of DPM and DPM-d 12 . Despite these advantages, numerous attempts have still failed to fit the S 2 origin of DPM-d 5 to an asymmetric rotor model. Therefore, there remains little doubt that the rotational level structure of the S 2 states of DPM and DPM-d 12 are also perturbed.
From the results of Paper I, four S 1 zero-order vibronic levels of A symmetry, ͉S 1 , 050͘, ͉S 1 , 230͘, ͉S 1 , 410͘, and ͉S 1 , 031͘ where ͉v͑T͒ , v͑T ͒ , v͑␤͒͘, were found to mix with the S 2 origin of DPM ͑also of A symmetry͒ and have estimated coupling matrix elements ranging from 0.8 to 3.7 cm −1 . The A symmetry of these zero-order levels makes both Fermi and perpendicular Coriolis coupling mechanisms possible. 38 Given the number of states involved in DPM and DPM-d 12 , analysis of such perturbations becomes intractable without first state-by-state assignments using double resonance methods. We also leave open the possibility that the eigenstates of S 2 arise from delocalized ͑"isomerization"͒ states that sample other minima on the S 2 torsional surface. 39 Because of the relative simplicity of the S 2 spectrum of DPM-d 5 , analysis that incorporates these perturbations is currently being explored.
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C. Dipole model predictions of the observed TDM orientation
Having good estimates of the S 0 and S 1 geometries of DPM, we now turn to predictions of the dipole-dipole coupling model given by Eq. ͑3͒. From the vibronic studies of Paper I and rotationally resolved data presented here, we have established that the S 1 and S 2 electronic excitations in DPM and DPM-d 12 are delocalized across the toluene-like chromophores and the exciton states have relative oscillator strength components of 55͑2͒%:17͑3͒%:28͑2͒% along the a : b : c principal axes. To understand these results within the dipole-dipole coupling model, the following equations were derived to predict the observed principal axis TDM components for any arbitrary orientation of the localized TDMs:
where x, y, and z ͑see Fig. 1͒ correspond to the c-, a-͑S 1 ͒, and b-axis ͑S 2 ͒ principal axis projections of the delocalized TDMs, respectively. The relative intensities ͑and oscillator strengths͒ of each band type ͑specified as %a : b : c͒ are obtained directly by squaring these component amplitudes. In Eqs. ͑4a͒-͑4c͒, and ␣ are the ring torsional and bending coordinates, respectively, defined in Figs. 1 and 2 , and held fixed to the fitted values of = 57°and ␣ = 114°for the MP2/ cc-pVTZ geometry ͑see Table II͒ . The parameters and ␤ define the orientation of localized TDMs relative to the toluene subgroups as follows: is the in-plane rotation angle where = 0 references an orientation perpendicular to the C-CH 2 axes and ␤ is the out-of-ring-plane angle. The simplest case that was considered by McClure 2 for crystalline DPM is that in which the localized TDMs are in plane and perpendicular to the C -CH 2 axes ͑ = ␤ =0°͒ as it is in toluene. Equations ͑4͒ predict an a : b : c component ratio of 9%:21%:70%, which is in poor agreement with the observed component ratio of the S 1 state. However, from previous gas-phase studies of substituted benzenes, 40 the inplane rotation angles of the TDM were reported to be a sensitive function of not only the substituents but also their conformations. Varying the in-plane angle to minimize differences between the observed and calculated intensity ratios gives a value of Ϸ 46°and a predicted ratio of 65%:1%:34%. While the S 1 ratio is now in good agreement, the S 2 relative intensity is much too small.
It is clear from the proceeding examples that in order to come into full agreement with observations, the out-of-plane terms in Eqs. ͑4͒ are needed. Such out-of-plane TDM character might be expected based on the close proximity of the two rings in DPM ͑R com =4 Å͒ and the delocalized nature of all states involved in the transitions. Since only the orientation and not the direction of the TDMs is determined from the relative intensities, Eqs. ͑4a͒-͑4c͒ give the following four possible solutions for ͑ , ␤͒ that explain the observed intensity ratio ͑exactly͒: ͑25°, 20°͒, ͑95°, 66°͒, ͑116°, 20°͒, ͑241°, 14°͒ ͑for a given chiral isomer, equivalent pairs have Ϯ 180°for −␤͒.
As a schematic illustration of one of these solutions, ͑ , ␤͒ = ͑116°, 20°͒, the orientations of the antisymmetric combination of the local vectors are shown along three different view axes in Fig. 8 . Also shown are the delocalized TDM vectors of the S 1 and S 2 states that result from the vector sums of the symmetric ͑not shown͒ and antisymmetric combinations of local . The extent of the in-plane rotation and out-of-ring-plane character of local becomes most evident in Fig. 8͑c͒ .
D. Dipole model predictions of the exciton splitting
The localized TDM orientations considered above are particularly relevant to the position and intensity of the upper exciton state since the in-plane and out-of-plane dependencies of the localized TDMs on will have a direct impact on the electronic coupling and hence splitting between the S 1 and S 2 states. After some vector algebra and substitutions in Eq. ͑3͒, the relative energy of the B state within the dipole approximation may be expressed in terms of the principal axis components as
where the leading negative sign gives the correct state order in the limits of the planar ͑ =0°͒ and gable structures ͑ = 90°͒. The relative energy of the A state is the negative of V dd , and therefore V dd is half the exciton splitting ͑this form is similar to that originally derived by McClure 2 except for the small contribution from the fourth-order term which was ignored there͒. The dependence of V dd on , , and ␤ may be obtained following substitutions of Eqs. ͑4a͒-͑4c͒ into Eq. ͑5͒.
For the toluene-like case considered by McClure 2 ͑i.e., = ␤ =0°͒, a serious problem arises in the ordering of the exciton states of A and B symmetries. Predictions from this model are shown as dotted traces in Fig. 9͑a͒ as a function of for ␣ = 114°. Here, the inter-ring distance R used was 4 Å and the localized TDMs were estimated as intermediate between the calculated S 1 and S 2 TDMs in toluene ͑1.5 ϫ 10 −30 C m or 0.45 D͒. Figure 9͑a͒ clearly shows that the lower energy state has A symmetry near the observed S 0 geometry, in clear disagreement with our results. Indeed, McClure 2 assigned the lower exciton state observed in the crystal to the A state based on this order. However, when in-plane and out-of-plane rotations of the localized TDMs are taken into account, the state order reverses for all ͑ , ␤͒ pairs determined from the observed band intensities, ͑25°, 20°͒, ͑95°, 66°͒, ͑116°, 20°͒, ͑241°, 14°͒. The values of these angles suggest that near the S 0 geometry, through space interactions from molecular orbital overlap on the two rings not only leads to significant out-of-plane TDM character but also causes the localized TDMs to rotate away from that of toluene ͑ =0°͒. 40 As a result, the increasing head-to- tail alignment with increasing for the antisymmetric TDM combination is the principal reason why the B state moves to lower energy in Fig. 9͑a͒ . Furthermore, since all terms in Eq. ͑5͒ are independent of possible sign differences for the y and z components, all ͑ , ␤͒ pairs give exactly the same exciton splitting of 26 cm −1 . This is more than four-fold smaller than the observed value of +123 cm −1 . In Sec. IV E, we seek a further understanding of these results with the aid of ab initio theory.
E. TDM orientations and exciton splittings from ab initio theory
In this section, we examine the quality of ab initio predictions of the S 1 / S 2 TDM orientations, exciton state order, and energy splitting and interpret these results in terms of the dipole model parameters. Table III summarizes some of the key findings from the excited state calculations at the TD-B3LYP, 28 CIS, 28 and CASSCF ͑Ref. 29͒ levels of theory. For TD-DFT, single point energy calculations were performed on the MP2 / 6-311+ + G ‫ءء‬ optimized ground state geometries because system size prohibits numerical geometry optimizations in G03. 28 Furthermore, fully relaxed excited state geometry optimizations performed using CIS with various basis sets break the C 2 symmetry of DPM.
14 Since this symmetry reduction is in direct contradiction with our observations, the results in Table III and elsewhere are restricted to geometries with C 2 symmetry.
From comparisons with the results in Table III , predictions from TD-DFT overestimate the a-type intensity of S 1 by 30% and underestimate the S 2 band strength by 9%; CIS underestimates the former by Ϸ20% and overestimates the latter by 9%. While both calculations correctly predict the exciton state order for near the S 0 geometry, they vastly overestimate the exciton splitting by more than five-fold in contrast to the value of 135 cm −1 predicted by CASSCF͑8,8͒.
While such discrepancies appear to present serious limitations of the former two theories, the strong dependence of the TDM orientation on from Eqs. ͑4͒ and exciton splitting from Eq. ͑5͒ warrants a closer look. The S 1 and S 2 state energies shown in Fig. 9͑b͒ for ϵ 1 = 2 illustrate this point. As expected for excitonic interactions between two states, the minima on S 1 have corresponding maxima on S 2 . State reversals at the TD-DFT level occur at Ϸ 15°and 69°with S 2 minima appearing near the planar and gable geometries. The +123 cm −1 splitting observed occurs at Ϸ 66°or just FIG. 9 . ͑Color online͒ Energies of the exciton levels for C 2 symmetric structures from ͑a͒ the dipole-dipole coupling model and ͑b͒ TD-B3LYP// MP2 and CIS levels of theory ͑6-311+ + G ‫ءء‬ basis sets͒ as a function of the ring torsion angle . The splitting are shown in ͑a͒ for = ␤ =0°͑dotted lines͒, and ␤ from CIS ͑solid lines͒, and and ␤ from TD-DFT ͑dashed lines͒. f S 0 estimates based on fits to MP2/cc-pVTZ geometry given in Table II. g Geometries fixed at optimized MP2 ground state geometry at the same level of theory.
Ϸ8°greater than the S 0 minimum. For the relaxed CIS geometries, a similar state reversal occurs near the planar geometry ͑ Ϸ 12°͒ and the states approach the observed splitting near 69°but avoid crossing there. Interestingly, both states from CIS have deep minima predicted for the gable structure far below the vertical excitation region from S 0 . We also voice caution that while the S 2 states at both levels would appear not to support wave function amplitude near the excitation region, the full 2D excited state surfaces ͑simi-lar to that of Fig. 2͒ are needed for any conclusive assessment. At the CIS level, the dependence of the TDM principal axis components ͑in Debye͒ for the S 1 and S 2 states are shown as solid lines in Fig. 10͑a͒ . The components predicted by the dipole model using Eqs. ͑4a͒-͑4c͒ are also shown as dotted lines in Fig. 10͑a͒ for values of that give the best ͑rms͒ agreement with CIS. The corresponding best fit values of are shown as the top trace ͑solid line͒ in Fig. 10͑b͒ together with the results from a similar calculation using TD-DFT ͑dashed lines͒. As expected, deviations from the in-plane dipole predictions are least important when the two rings are nearly coplanar ͑i.e., Ϸ 0͒. However, for Ͼ 20°, significant deviations occur at both levels of theory that require use of the out-of-plane ␤ terms in Eqs. ͑4a͒-͑4c͒. The values of ␤ and required to completely describe the CIS and TD-DFT TDM components are also shown in Fig. 10͑b͒ . Here, remains essentially unchanged from the in-plane case where it approaches 90°for Ͼ 60°. For Ͼ 20°, ␤ values as large as 60°suggest that inter-ring orbital penetration effects make significant contributions to the TDM as the and ‫ء‬ orbitals on the two rings begin to overlap.
The CIS predictions of the relative band strengths, %a : b : c, are shown as a function of in Fig. 11͑a͒ ͑solid lines͒. The best agreement with the observed ratio of 55͑2͒%:17͑3͒%:28͑2͒% occurs near the ground state value of 57°and ͑ , ␤͒ = ͑114°, 15°͒ with intensity components of 55%:23%:22%. The TD-DFT results shown in Fig. 11͑b͒ are not as satisfactory. The best match occurs for Ϸ 54°and ͑ , ␤͒ = ͑93°, 23°͒ with band strengths of 84%:8%:8%. At either level, the reasonable correlation of intensities is sufficient to identify only one of the four possible experimentally fit ͑ , ␤͒ pairs as ͑116°, 20°͒ or equivalently ͑−64°, −20°͒. The observed TDM vector representations for this solution were shown earlier in Fig. 8 .
The dipole model exciton splittings that correlate to the ab initio TDM components are shown in Fig. 9͑a͒ for a fixed value of local = 0.45 D. At the best fit values, the CIS/ dipole splitting ͑solid lines͒ is less than one-fourth the observed value and less than one-half observed at the TD-DFT/ dipole level ͑dashed lines͒. Again, while these discrepancies seem large, the magnitudes of the TDMs from CIS in Fig. 10͑a͒ rapidly increase for increasing and if used in place of local in Eq. ͑5͒ would reproduce the observed splitting at Ϸ 67°.
The better overall agreement of the relative band strengths at the CIS level suggests that optimization of excited state geometries may be an important factor to arrive at an accurate description of the excitonic interactions in DPM. Furthermore, the out-of-ring-plane component of local appears to play a significant role in all excitonic descriptions of DPM, suggesting that in-plane models may be insufficient to capture the essential photophysics of non-coplanar exciton coupled chromophores in close proximity.
We note in closing that out-of-plane TDM character in gas-phase benzene ͑and other aromatic͒ chromophores is rather unusual. For example, East et al. 7 investigated excimer formation in a similar but more extended system, 1,3-diphenylpropane, using rotationally resolved methods and made definitive assignments of four torsional isomers based on rotational contour analyses. The TDM orientations observed for two of the bands were attributed to the vector sums of the localized TDMs of the benzene subgroups while the other two bands were assigned to uncoupled excitations on separate rings of one conformer. In each case, the analysis and assignment were based only on the in-plane TDMs of the rings. However, out-of-ring-plane character may be of more importance in strongly coupled exciton systems that contain significant components from charge transfer states. For example, such character may be necessary to explain the optical polarization properties of the delocalized states of molecular crystals 41 and the electron transport propensities in dendrimers where variable exciton coupling was linked to enhanced contributions from charge transfer states upon excited state relaxation. 
V. CONCLUSIONS
Analyses of rotationally resolved data of the ground and exciton coupled S 1 / S 2 origin regions of DPM and DPM-d 12 have clarified the global spatial extent of the molecular orbitals involved, the symmetry assignments of these states, and, in former cases, the molecular geometries. The S 1 ← S 0 spectra of both isotopologues are a : c hybrid bands and are well fit to asymmetric rotor models in both states, establishing the lower energy S 1 states as delocalized antisymmetric combinations of the locally excited states of the toluene-like subgroups. In contrast, the S 2 ← S 0 spectra of DPM and DPM-d 12 which appear at low excess energies in S 1 ͑+123 and +116 cm −1 , respectively͒, display b-type spectra, are perturbed, and consequently have not been assigned. The perturbed rotational structure of the S 2 states is likely a result of Coriolis-or Fermi-type mixing with the four nearby S 1 vibronic bands that were identified in the previous R2PI and SVLF studies 14 to have T, T , and ␤ vibrational state character. Possible contributions from isomerization states 39 arising from other minima on the 2D torsional surface may also contribute to the complexity of these spectra.
The relative intensities of the TDM components, the S 1 / S 2 exciton splitting, and the geometries obtained from these two studies are used to assess the predictive quality of the classical dipole coupling model and excited state results at modest levels of quantum theory. We find that the in-plane dipole coupling model is insufficient and that out-of-ringplane dipole coupling terms are needed to fully account for the observed TDM orientations. We also show that CIS predictions on optimized excited state structures appear to provide a more comprehensive picture of the excitonic interactions in DPM. We further acknowledge the need to explore the impact of high order multiple terms ͑dipole-quadrupole, dipole-octupole, etc.͒ 5 in the classical expansion of the Coulomb potential and application of multiconfiguration, multireference ͓multiconfiguration-reference configuration interaction ͑MRCI͒, 42 multiconfiguration self-consistent field ͑MCSCF͒ 43 ͔, or novel single reference coupled-cluster ͓equation of motion coupled-cluster ͑EOM-CC͒, 44 coupledcluster singles and doubles ͑CC2͒ 45 ͔ ab initio quantum methods to arrive at a more complete understanding of the excitonic interactions in this bichromophore.
